The potassium-doped Co 3 O 4 catalysts were prepared by impregnation of potassium sources on commercial cobalt carbonate and on the precursors synthesized by homogeneous precipitation, combustion with glycine, gradual oxidation, and hydrothermal methods. The activities of these catalysts for the direct decomposition of nitrous oxide in the presence of oxygen with or without water vapor were examined.
The significant anthropogenic sources of N 2 O are nitric acid plants and adipic acid plants. However, the N 2 O concentration in the tail gases from the adipic acid plants is relatively high (20-60%) [17] , and thermal decomposition of N 2 O [17, 18] may be more economical because this method gives NO, besides N 2 and O 2 , from which nitric acid, the oxidizing agent for the formation of adipic acid from the mixture of cyclohexanol and clclohexanone, can be regenerated. For the tail gases from the nitric acid plants, catalytic decomposition seems to be a suitable solution [13, 19] . 4 Excellent catalytic activities of cobalt oxides for N 2 O abatement have been long recognized. Early works took notice of the activity of CoO [20] [21] [22] . However, its activity readily deteriorated because of the oxidation of the catalyst by N 2 O [21] .
Then, cobalt-based catalysts derived from hydrotalcites gathered much attention because spinel catalysts having large surface areas and high thermal stabilities can be easily prepared from the hydrotalcites obtained by co-precipitation methods [23] [24] [25] .
Various catalyst systems prepared by this route have been proposed such as Co-Al [23, 24] , Co-Mg [25, 26] , Co-Ni, [26] , Co-Zn [27] and Co-Mn [28] .
In patent literature, Armor et al. [29] claimed that the addition of Na + ions to the catalyst derived from a Co-Al hydrotalcite significantly increased the N 2 O decomposition activity of the catalyst. Pérez-Ramírez et al. [30] noted that the deN 2 O activity of a Co-Rh,Al catalyst was considerably affected by Na + ions remaining in the catalyst from the co-precipitation step for the synthesis of the hydrotalicite precursor.
Unfortunately, this description has not drawn attention of the deN 2 O researchers, because main theme of their paper is to propose the dual-bed system for NO x removal from the flue gases from lean-burn engines.
We found that when precursors were prepared by precipitation of Co(NO 3 ) 2 with Na 2 CO 3 and were thoroughly washed, the alkali content in the Co 3 O 4 catalyst 5 depended on the crystal structure of the precursor, thus precipitation conditions affecting the catalyst activity [31] . The Co 3 O 4 catalyst promoted by a proper amount of alkali ions is quite effective for the direct decomposition of N 2 O in the presence of oxygen [32] , maintaining its activity at least for 12 h in the presence of both oxygen and water.
The addition of alkali ions to Co 3 O 4 was found to promote the regeneration of Co 2+ from Co 3+ formed during N 2 O decomposition [33] . Simultaneously, Xue et al. [34] reported the promotion effect of residual Na + ion on the activity of Co-Ce catalyst prepared by co-precipitation using K 2 CO 3 as a precipitant. Since then, many papers have reported excellent promoting effects of alkali or alkaline earth components on the deN 2 O activity of cobalt-based catalysts [35] [36] [37] [38] [39] [40] [41] . Note that excellent activities of alkali-promoted Co 3 O 4 catalysts for the direct decomposition of NO were also reported by Park et al. [42] and Haneda et al. [43] .
As mentioned above, preparation method for the alkali-promoted 
Experimental section

Preparation of K-doped Co 3 O 4 catalysts
Catalysts were prepared by: (a) impregnation of commercial cobalt(ΙΙ) carbonate [32, 33] , (b) homogeneous precipitation [44] , (c) combustion with glycine [45] , (d) gradual oxidation [46] , and (e) hydrothermal synthesis [47] . The details are as follows.
(a) Impregnation of commercial cobalt(ΙΙ) carbonate [32, 33] (c) Combustion with glycine [45] Cobalt nitrate hexahydrate, glycine (Nacalai Tesque) and KNO 3 were dissolved in a 8 small amount of deionized water. The glycine/Co molar ratio was 1.2, and K/Co molar ratio was 0.02. The mixed solution was heated on an electric hot plate kept at 300 °C.
When vigorous reaction started, heating was stopped. The product was calcined at 400 °C for 4 h in air. This sample is designated as catalyst C.
(d) Gradual oxidation [46]
In a three-neck flask, NaOH (0.030 mol) and NaNO 3 (1.0 mol) were dissolved in (e) Hydrothermal synthesis [47] Cobalt chloride hexahydrate (CoCl 2 ·6H 2 O; Wako, 0.019 mol) and urea (0.019 mol) 9 were dissolved in deionized water (190 cm 3 ) and the solution was placed in a Teflon autoclave. Then, the autoclave was sealed and kept at 100 °C for 12 h. After the mixture had been cooled, the resulting powder was washed three times with deionized water and with methanol once by centrifuging and then air-dried. Following the method for preparation of catalyst A, the precursor was impregnated with an aqueous solution of KNO 3 (K/Co = 0.02) and calcined at 400 °C for 4 h (catalyst E).
Catalyst activity test
Catalyst tests were carried out in a fixed-bed flow reactor. The catalyst was tabletted, pulverized into 10-22 mesh, and set in the reactor. The catalyst bed was heated to 500 °C and held at that temperature for 30 min in a helium flow. Then, the reaction gas After the steady state was attained, reaction temperature was decreased, and the catalyst performance was measured at every 50 °C from 500 °C to the temperature where N 2 O 10 conversion was negligible.
Characterization of the catalysts
Powder X-ray diffraction (XRD) pattern was recorded on a Shimadzu XD-D1 diffractometer using Cu Ka radiation through a carbon monochromator. The crystallite size of Co 3 O 4 was calculated from the full width at half maximum (FWHM) of the diffraction peak at around 65° (2θ) using Scherrer equation:
where D is the crystallite size; θ, the diffraction angle; and β = β exp -β app . Here, β exp and β app are the FWHM of the diffraction peak and the instrumental broadening width, respectively. The specific surface area was calculated using the BET single-point method from nitrogen uptake measured at 77 K by using a Micromeritics FlowSorb ΙΙ 2300 sorption-meter. The samples were pretreated in a N 2 flow at 300 °C for 30 min prior to the measurements. The apparent shape and size of the catalyst particles were observed using a Hitachi S-2500 CX scanning electron microscope (SEM). The The XPS measurements were carried out with an ULVAC-PHI model 5500 spectrometer with Mg Kα emission (15 kV, 400 W) as the X-ray source. The binding energy was corrected by the contaminated carbon (284.6 eV) [48] .
Results and discussion
Effects of the preparation methods on the properties of the catalysts Table 2 , crystallite size of the Co 3 O 4 phase of catalysts A, B and C were relatively small, whereas those of catalysts D and E were significantly large. Because the temperature at which the catalysts were pretreated prior to the catalytic runs is higher than the calcination temperature of the samples characterized, data for both the fresh and spent catalysts are given in Table 2 . Although the BET surface area of each catalyst decreased by the pretreatment (Table 2) , it was significantly affected by the preparation method, 14 and decreased in the following order; catalyst A > B > D > E > C. Catalyst C had a surface area much smaller than that expected from the crystallite size, indicating that the primary particles were severely aggregated.
The extent of the aggregation of primary particles is obvious through the SEM observation as well (Fig. 3) . Whereas catalyst C had large pores, the surface of the particles was very smooth, indicating severe aggregation of primary particles, in consistent with the discussion mentioned above. Catalyst E was composed of nanorods with smooth surface. Catalysts B and D were comprised of small particles. On the other hand, the catalyst A was composed of large spherical aggregates of fine particles.
The results for XPS data are summarized in Table 3 . All the catalysts exhibited the peak due to Co 2p 3/2 at binding energy of 779.6-780.1 eV, which was in reasonable agreement with the reported data (779.8 eV) for Co 3 O 4 [50, 51] . It is rather surprising to know that the K/Co ratios in the surface region of catalysts A and C were rather high in spite of the fact that the former catalyst had a relatively large surface area. This result seems to connect with the morphology of the precursor particles which were essentially identical with the morphology of the catalysts (Fig. 3) . Since we impregnated the precursors with a KNO 3 solution, the promoter is enriched on the outer surface of the particles, and large precursor particles such as CoCO 3 gave high K/Co ratios because 15 the XPS analysis also gives the data for the composition at the surface region of the aggregated particles
The effects of preparation methods on the reduction behavior of the K-doped Co 3 O 4 catalysts were investigated by the H 2 -TPR technique (Fig. 4) The former and latter peaks are assigned to the desorption of adsorbed oxygen and elimination of lattice oxygen, respectively [33] . Catalysts A, B, C, and D showed an oxygen desorption peak at <180 ºC. Meanwhile, the intensity of this peak decreased in the order A > B > C > D. On the other hand, catalyst E did not show any peak at such temperature range. Previous study [33] suggested that the number of oxygen adsorption sites correlates with the activity of the catalyst: The catalyst with higher activity for N 2 O decomposition adsorbs a larger amount of oxygen exhibiting a large desorption peak at <180 ºC. For the active catalysts, the deactivation caused by irreversible adsorption of oxygen on the catalyst surface [3, 5, 33] would be suppressed even in the presence of molecular oxygen.
Based on these results, the catalysts prepared in the present study can be classified into two categories: Catalysts A, B and C belong to the first category. These catalysts exhibited significant hydrogen consumption at <200 °C in H 2 -TPR profiles and adsorbed large amounts of molecular oxygen. Catalysts D and E belong to the second category. These catalysts did not exhibit hydrogen consumption at <200 ºC and adsorbed small or negligible amounts of molecular oxygen. The crystallite sizes of the catalysts in the first category were relatively small, while those of the catalysts in the second category were much larger.
Effects of potassium sources on the reduction behavior of the K-doped Co 3 O 4 catalyst were examined. Figure 6 shows the H 2 -TPR profiles of the catalysts prepared by impregnation of commercial cobalt(ΙΙ) carbonate with various K salts followed by the calcination at 400 ºC for 4 h. Again, there were two reduction peaks at around 200 ºC and 250-400 ºC, and the former peak was significant for the catalysts prepared using On the other hand, catalyst E had an extremely low activity, and N 2 O conversion was <10 % even at 500 ºC. In this respect, XPS study revealed that a significant amount of Cl -(Cl/Co = 0.071) was remaining on the surface of catalyst E (Table 3 ).
The catalytic activities for N 2 O decomposition were markedly influenced by water present in the feed as shown in Fig. 8 . This result suggests that water molecules adsorbed on the active sites hamper the N 2 O decomposition. However, the order of activity of the catalysts under the wet conditions was the same as that found under the dry conditions. In Fig. 8 , the data for catalyst E is not given because it did not exhibit a measurable N 2 O decomposition activity even at 500 °C. Catalyst A showed the highest activity among the catalysts examined in this study and the activity of this catalyst was maintained at least for 12 h even in the presence of oxygen and water in the feed.
The effect of the K sources on the activities of the catalysts prepared by the impregnation of cobalt(ΙΙ) carbonate followed by calcination was examined. Figure 9 shows that the results of the reactions under the dry conditions. The catalytic activity decreased according to the following order: KOH > KNO 3 ≈ KHCO 3 > CH 3 OOK > >
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K 2 SO 4 > KCl. Under the wet conditions, their activities again markedly decreased as shown in Fig. 10 . However, the order of the activity was basically unchanged, and the differences in the activities between the catalysts modified with KOH, KNO 3 , KHCO 3 , and CH 3 COOK were negligible. On the other hand, the catalysts prepared by using [ [33, 36, 38, 40, [60] [61] [62] [63] [64] .
The K + species on the catalysts were proposed to destabilize the oxygen atoms formed by the cleavage of N-O bond of N 2 O, and thus promote desorption of oxygen molecules from the catalysts to regenerate the catalytically active species [33] . The results in the present study support this idea, but the effect of K-doping was found to be significantly influence by the counter anions. The use of K 2 SO 4 and KCl was less effective. These results may be caused by sulfate and Cl -ions remaining on the catalyst surface, because these anions are strongly adsorbed on the surface defects, thus hampering the N 2 O decomposition reaction.
Conclusions
The activity of K/Co 3 O 4 catalysts for the direct decomposition of nitrous oxide was greatly affected by both the preparation methods and potassium sources. Among the catalysts examined, the catalyst prepared by impregnation of CoCO 3 with an aqueous 
